In plants, the stacking of part of the photosynthetic thylakoid membrane generates two main subcompartments: the stacked grana core and unstacked stroma lamellae. However, a third distinct domain, the grana margin, has been postulated but its structural and functional identity remains elusive. Here, an optimized thylakoid fragmentation procedure combined with detailed ultrastructural, biochemical, and functional analyses reveals the distinct composition of grana margins. It is enriched with lipids, cytochrome b 6 f complex, and ATPase while depleted in photosystems and light-harvesting complexes. A quantitative method is introduced that is based on Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) and dot immunoblotting for quantifying various photosystem II (PSII) assembly forms in different thylakoid subcompartments. The results indicate that the grana margin functions as a degradation and disassembly zone for photodamaged PSII. In contrast, the stacked grana core region contains fully assembled and functional PSII holocomplexes. The stroma lamellae, finally, contain monomeric PSII as well as a significant fraction of dimeric holocomplexes that identify this membrane area as the PSII repair zone. This structural organization and the heterogeneous PSII distribution support the idea that the stacking of thylakoid membranes leads to a division of labor that establishes distinct membrane areas with specific functions.
INTRODUCTION
Photosynthetic energy conversion in plants occurs on the highly-specialized thylakoid membrane system inside chloroplasts. Recent advances in electron microscopy have led to detailed insights into the three-dimensional architecture of this unique biomembrane system (Shimoni et al., 2005; Daum et al., 2010; Austin and Staehelin, 2011; Engel et al., 2015) . The images confirm older models of the thylakoid ultrastructure, which is dominated by the strict stacking of part of the membranes to cylindrical grana. Grana are ubiquitous in the plant kingdom and are involved in many different aspects of photosynthetic energy conversion and its regulation (Horton, 1999; Chow et al., 2005; Mullineaux, 2005; Anderson et al., 2008 Anderson et al., , 2012 .
A direct consequence of grana formation is the establishment of two distinct domains: stacked (grana core) and unstacked (stroma lamellae) membranes. However, biochemists have postulated that a third functional domain exists, the grana margins, which is thought to be structurally and functionally distinct from stacked grana core and stroma lamellae (Anderson, 1989; Albertsson, 2001) . The identity of the grana margins is a long-standing open question. Electron microscopists usually define grana margins as only the very curved regions at the periphery of the grana cylinder. From EM images, it can be estimated that this curved membrane region at the grana periphery extends no more than 10 nm into the grana cylinder, i.e. before the membranes become flat, stacked sheets. For a grana cylinder with a diameter of 400-500 nm and a ratio of stacked to unstacked membranes of 0.7/0.3 (derived from EM data, Staehelin, 1986; Vallon et al., 1991) it follows that the curved grana membrane region makes up only~5-7% of the total thylakoid membrane area. This situation is in contrast with biochemical fragmentation studies that show much higher contribution by grana margins, up to 25% (Albertsson, 2001) . A main goal of this study was to resolve the discrepancy about the identity and functional significance of grana margins.
The establishment of stacked and unstacked membrane domains forms the structural basis of a pronounced lateral heterogeneous distribution of protein complexes involved in photosynthetic energy conversion (Staehelin, 1986; Albertsson, 2001; Pribil et al., 2014) . The two photosystems in thylakoid membranes, photosystem I (PSI) and II (PSII) with their associated light-harvesting complexes (LHC), LHCI and LHCII, are concentrated in unstacked and stacked thylakoid domains, respectively. Furthermore, the ATP synthase (ATPase) is strictly confined to unstacked membrane regions (Staehelin, 1986; Daum et al., 2010) . Whether grana margins have a distinct protein composition is unclear. In this study, a special emphasis is given to the sublocalization and assembly state of PSII. Photosynthetic electron transport starts at PSII due to its unique ability to split water. The capability of PSII to extract electrons from water, a cheap and abundant electron source, and the evolution of oxygen as byproduct of this process was pivotal for the emergence of complex life forms on Earth (Nelson, 2011; Hamilton et al., 2016) . PSII, in its monomeric core, is 350 kDa in size with nearly 30 protein subunits along with scores of chlorophylls, electron carriers, and other cofactors (Wei et al., 2016; Su et al., 2017; Cao et al., 2018) . The core consists of four major subunits D1, D2, CP43, and CP47. The D1 and D2 are the heterodimeric reaction center proteins that bind all of the redox-active cofactors, including the water-oxidizing Mn cluster and the special pair of reaction center chlorophylls P680. PSII mainly occurs in stacked grana core where the PSII core assembles with its peripheral antenna (LHCII) into large mega-Dalton supercomplex structures, the most abundant of which in Arabidopsis is C2S2M2 (Albertsson, 2001; Danielsson et al., 2006; Kou ril et al., 2012) . C2S2M2 contains the dimeric core (C2) with two strongly bound (S2) and two moderately bound (M2) LHCII trimers. The S-trimer attaches to the core through the minor antenna CP26 and the M-trimer, through CP24 and CP29 (Caffarri et al., 2009; Kou ril et al., 2012; Wei et al., 2016; Su et al., 2017) . The organization of PSII into supercomplexes such as C2S2M2 ensures efficient energy harvesting and conversion (Croce and van Amerongen, 2011; Amarnath et al., 2016) . Depending on the number of LHCII and cores involved, native thylakoid membranes contain a rich array of different smaller structural PSII subspecies such as C2S2M, C2S2, C2S, C2, and C complexes (Danielsson et al., 2006; Caffarri et al., 2009; Suorsa et al., 2015) . This structural diversity is not seen for PSI and is unique to PSII, a likely consequence of PSII's high turnover rate, i.e. the complex exists in constant disassembly and reassembly states as a result of photodamage and its repair.
Photodamage of PSII is an inevitable side effect of its precarious photochemistry that makes this photosystem vulnerable to light-induced inactivation (Barber and Andersson, 1992; Aro et al., 1993a; Melis, 1999) . The prime target of photodamage in PSII is the reaction center protein D1 (Kyle et al., 1984) , which is deeply buried within the complex (Caffarri et al., 2009; Wei et al., 2016; Su et al., 2017) . Plants and algae repair the damaged PSII through a highly orchestrated cellular recycling process known as the PSII repair cycle, in which mainly the damaged D1 subunit is degraded and replaced with a nascent copy and everything else is recycled (Kato and Sakamoto, 2009; Nath et al., 2013; J€ arvi et al., 2015) . The damage of PSII occurs in grana core where the photochemically active PSII is localized (Danielsson et al., 2006; J€ arvi et al., 2015) . The repair machinery, however, resides in the unstacked thylakoid regions (Mattoo and Edelman, 1987; Puthiyaveetil et al., 2014) . The swift repair of damaged PSII, necessary for maintaining high photosynthetic performance (Melis, 1999) , therefore requires brisk protein trafficking between stacked and unstacked regions of the thylakoid membrane (Kirchhoff, 2014; Yamamoto et al., 2014; J€ arvi et al., 2015) . Furthermore, for the repair machinery to access the centrally located damaged D1 subunit, PSII supercomplexes need to be disassembled (Krynick a et al., 2015) . Phosphorylation of PSII core subunits in high light is likely to accelerate both PSII trafficking and disassembly (Tikkanen et al., 2008; Fristedt et al., 2009; Pesaresi et al., 2011; Herbstov a et al., 2012; Rochaix et al., 2012; ) . During PSII repair, the monomeric core further disassembles into two subcomplexes, one with CP43 and one without (Yamamoto et al., 2014; J€ arvi et al., 2015; Krynick a et al., 2015) . The CP43-free complex, containing the damaged D1, is most likely targeted for degradation. Once the damaged D1 is replaced with a newly synthesized copy, PSII reassemble into the C2S2M2 holocomplex and migrates back to the grana core. The coordinated cycling of PSII through its different assembly states is crucial for its efficient repair and the modular design of plant PSII likely facilitates this process (Puthiyaveetil et al., 2014) . It has been recognized that a division of labor exists in the thylakoid membrane with each subcompartment playing distinct roles in the PSII repair cycle (Mattoo and Edelman, 1987; Yoshioka and Yamamoto, 2011; Puthiyaveetil et al., 2014) . However, it is unclear in what assembly state does PSII occur or cycle through each of the three thylakoid subdomains. This information is crucial for understanding the precise functional role of thylakoid subcompartments in the repair cycle and the biogenesis of the C2S2M2 holocomplexes. Here, we introduce a method based on BN-PAGE and immuno dot blotting for measuring the content of structural PSII subspecies. Our method allows the quantification of distinct PSII species ranging from C2S2M2 to CP43-free PSII in the three thylakoid subcompartments. This quantitative approach allows detailed insights into the lateral distribution of PSII subspecies in thylakoid membranes, a key determinant of the operational efficiency of the PSII repair cycle.
RESULTS
Fractionation of thylakoid membranes into grana core, grana margins and stroma lamellae A digitonin-based subthylakoid isolation procedure was employed (summarized in Figure 1 ) that gives five distinct fractions after a differential centrifugation procedure (circled numbers in Figure 1 ). The first fraction obtained as a pellet after very low-speed centrifugation of digitonin-treated thylakoid membranes represents unsolubilized thylakoids. This is indicated by the chlorophyll (Chl) a to b ratio of 2.9 AE 0.2 (AESD), which is similar to the Chl a/b of the original thylakoid membranes (3.0 AE 0.1). The second fraction recovered as a pellet after low-speed centrifugation was assigned as stacked grana core (GC, Chl a/b = 2.4 AE 0.1). After ultracentrifugation of the supernatant, three further fractions can be distinguished as recently reported (Puthiyaveetil et al., 2014) . We assigned the tight pellet (Chl a/ b = 7.1 AE 0.7) as stromal lamellae (SL), a loose pellet tentatively (see in particular CURT1 localization in Compositional analysis of thylakoid subdomains below) as grana margins (GM, Chl a/b = 6.0 AE 1.1) and the supernatant as completely solubilized membranes (Chl a/b = 4.7 AE 0.9). With the exception of distinguishing between loose and tight pellets after ultracentrifugation, the assignment of all other fractions is well established in the literature (e.g. Anderson and Boardman, 1966; Cuello and Quiles, 2004; Fristedt et al., 2009; Rantala et al., 2017) . The fractionation of thylakoid membranes into subdomains and their isolation come with some losses. From the chlorophyll yield of all five fractions, it follows that more than 90% of the original Chl is recovered as GC, GM, and SL (histogram in Figure 1 , far right). A more detailed loss analysis was performed based on semiquantitative SDS-PAGE and Western blotting (WB) data (Figure S1) for the main photosynthetic protein complexes (Figure 1) . It turned out that only 4-14% of the protein complexes are lost during the membrane isolation procedure, i.e. the vast majority of complexes were recovered as the three thylakoid subfractions.
Structural characterization of GC, GM, and SL fractions was performed by transmission electron microscopy (TEM). Representative examples are given in Figure 2 . The GC samples appear as flat membrane discs with a diameter of 300-500 nm, typical for stacked grana. The membranes are studded with numerous electron translucent particles that most likely represent PSII supercomplexes . Importantly, no lesions (holes) are apparent in the grana discs that can occur after harsher detergent treatments (e.g. Johnson et al., 2014) . The lack of lesions demonstrates the structural integrity of the stacked grana preparation and is indicative of mild detergent treatment. Compared with the GC membranes, the loose pellet (GM) fraction appears strikingly different in TEM images. Much smaller (~30-60 nm), often bent, half-moon-shaped patches (see arrowheads in Figure 2 ) are visible. The electron translucent stripes of these half-moon-shaped patches have a thickness of 5-6 nm, indicative of a membrane bilayer. It is likely that these curved structures originate from bent regions of the grana margins (see also below). Overall, most particles in the GM fraction have an elongated stripelike structure that are often bent and sometimes straight. No larger membrane patches as in GC or SL samples were found. The SL samples have, like GC, a flat sheet-like occurrence that often lies on top of each other. Individual SL patches are smaller than for GC. As in GC, the SL membranes are covered with numerous electron translucent particles that are likely to represent membrane proteins. The flat sheet-like organization of SL is in accordance with electron tomographic data of stroma lamellae in intact thylakoid membranes (Shimoni et al., 2005; Daum et al., 2010; Austin and Staehelin, 2011) .
The quantification of the main building blocks of thylakoid membranes (lipids, chlorophylls, proteins) for the three membrane domains are summarized in Figure 3 . The upper panel gives the yield distributions among GC, GM, GC SL GM Figure 2 . TEM analysis of the GC, GM, and SL fractions. Negative-stained membrane samples were directly imaged on treated TEM grids (see Experimental procedures section). The arrowheads for the GM fraction indicate bent membranes that are assigned to curved membranes originating from the grana margin. The membrane clustering is likely to be caused by the drying process. For further details, see in the text. Scale bars represent 100 nm.
and SL based on weight. About 73% of the Chls are localized in GC, 9% in GM, and 18% in SL (Figure 3a) . For the lipid distribution, the numbers are 64% (GC), 22% (GM), and 14% (SL) and for the total protein 69% (GC), 15% (GM), and 16% (SL). These data reveal the dominating role of stacked grana that contain most of the three thylakoid constituents. However, the weight ratios of the three components reveal interesting differences (Figure 3 , bottom panel). While GC and SL have similar lipid/Chl, lipid/protein, and protein/Chl ratios, the GMs have a clearly different composition. Compared with GC and SL, they are enriched with lipids (c. three-times higher relative to Chl, and c. two-times higher relative to protein) and non-Chlcontaining protein complexes (1.7-times higher protein/ Chl). From these data, the relative distribution of total membranes (on a weight basis) can be estimated (see Experimental procedures) for the three thylakoid subdomains (as Chls are bound to proteins they are not considered for these calculations). It follows that GC contribute 67%, GM 17%, and SL 16% to the total thylakoid membrane weight. As the specific gravities of photosynthetic membrane proteins and lipids are both close to one (Noureddini et al., 1992; Lustig et al., 2000) , these weightbased numbers serve as a good proxy for membrane areas. Our estimates of membrane areas are in agreement with electron microscopic data. For low-light-grown plants (comparable with the plants used here), EM data reveal that 66-73% of total thylakoid membranes belong to stacked grana (corresponding to GC) and the rest to unstacked domains (sum of GM and SL) (Staehelin, 1986; Vallon et al., 1991) .
Compositional analysis of thylakoid subdomains
The concentration of main photosynthetic protein complexes quantified by difference absorption spectroscopy and semi-quantitative SDS-PAGE gel electrophoresis (see example for LHCII quantification in Figure S2 ) in Figure 4 (upper panel) are expressed relative to Chl, i.e. mmol protein per mol of Chl (mol Chl À1 ). The analysis reveals higher concentrations of PSII and LHCII trimers (LHCII 3 ) and depletion of PSI and ATPase in GC fraction (stacked grana). In general, the pattern shown in Figure 4 for the lateral distribution of protein complexes between stacked (GC) and unstacked (GM + SL) is in agreement with electron microscopic data (Staehelin, 1986; Staehelin and van der Staay, 1996) . In particular, the absence of ATPase from stacked membranes is supported by EM tomographic data (Daum et al., 2010) . However, a discrepancy with EM data is the high concentration of ATPase in GM relative to SL (Figure 4e ). EM tomographic data indicate a more or less homogenous distribution among unstacked thylakoid regions (Daum et al., 2010) , i.e. a similar particle density in GM and SL. The likely reason for the discrepancy of ATPase concentration in Figure 4 (e) and the EM data is that the ATPase concentration in Figure 4 (e) is given relative to Chl, but the EM data are relative to
Yields based on weight membrane area (e.g. particles lm À2 ). As detailed in the previous paragraph, the GM fraction is depleted in Chlcontaining protein complexes and enriched with lipids, this implies that the membrane area to Chl ratio is higher in GM compared with the other fractions. To get an estimate of particle concentrations relative to membrane area, the data in Figure 4 (upper panel) were re-normalized to the sum of total protein and total lipid content, taken from Figure A new marker for grana margins is the CURT1 protein family (CURT1A, 1B, 1C, and 1D) that was reported to be required for the strong membrane curvature at the periphery of the grana cylinder (Armbruster et al., 2013) . Electron microscopic analysis reveals that the most abundant CURT1A protein is almost exclusively found in grana margins (Armbruster et al., 2013) . WB analysis of the three thylakoid fractions with a CURT1A antibody reveals that this protein is highly enriched in the GM fraction (Figure 5a , Figure S1 ), giving strong evidence for the correct assignment of this thylakoid fraction. For this analysis, equal volume fractions were applied to the gel, i.e. the data show the percentage distribution of CURT1A between GC, GM, and stroma lamellae. However, CURT1A can easily be extracted from thylakoids by digitonin as we found an almost 50% loss of this protein during thylakoid subdomain isolation ( Figure 5b ).
Architecture of the stacked to unstacked transition at grana margin
For a structural understanding of the origin of the GM fraction, detailed information of the thylakoid ultrastructure is required. Transmission EM images of grana discs on high-pressure frozen/freeze-substituted protoplasts are employed for visualizing the transition between stacked and unstacked thylakoid regions ( Figure 6a ). Three types of transitions from stacked to unstacked thylakoid membranes at the margins of the grana cylinder can be discerned as summarized in Figure 6 (b) (labeled 1-3). These three types of stacked/unstacked transitions are in line with published electron tomographic data (Daum et al., 2010; Austin and Staehelin, 2011) . For the fret-like transition (#1 in Figure 6b ), some debate exists whether a simple bifurcation of stroma lamellae leads to two grana discs (Shimoni et al., 2005) or whether stroma lamellae bifurcations are twisted around the grana cylinder leading to staggered insertions into the stacked regions by fret-like membrane protrusion (Daum and K€ uhlbrandt, 2011) . However, for understanding thylakoid fractionation by digitonin, it is important that the GM fraction most likely contains all three types of membrane structures localized between the dashed lines in Figure 6 (b), i.e. it is a structurally heterogeneous fraction. According to this model, digitonin fractionation would lead to small membrane fragments clearly distinguishable from the large flat and sheet-like grana core and stroma lamellae in line with the EM data of the three fractions ( Figure 2 ).
A new method for quantification of PSII supercomplexes BN-PAGE has been extensively used in the analysis of protein complexes from respiratory and thylakoid membranes (for example Reisinger and Eichacker, 2007; Ladig et al., 2011) . Figure 7 (a) shows a blue native gel of a-dodecylmaltoside (a-DM)-solubilized thylakoid membranes, grana core, grana margin, and stroma lamellae fractions. It has been documented that the nature of the solubilizing detergent and its concentration affect the stability of PSII supercomplexes (Morosinotto et al., 2010; Barera et al., 2012) . In our solubilization of thylakoids, three different detergents at three different concentrations have been tested. Thylakoids were incubated with digitonin (RT), a-DM or b-DM for 10 min on ice for solubilization. The incubation of thylakoids with 1.5, 1.0 and 0.5% final concentrations of digitonin did not produce any significant solubilization (just a smear without clear bands). Both a-and b-DM, however, produced significant solubilization of thylakoid membrane protein complexes at a final concentration of 0.9% (Figure S3) . PSII supercomplexes were, however, more abundant in a-DM than in b-DM, consistent with the well documented milder nature of a-DM as a solubilizing agent for PSII supercomplexes van Roon et al., 2000; Morosinotto et al., 2010; Barera et al., 2012; Su et al., 2017) . In our solubilization of thylakoids, a-DM at a final concentration of 0.9% has therefore been used consistently. We have also noted that a fresh Coomassie dye is essential for good migration and separation of thylakoid protein complexes on the blue native gel. BN-PAGE gel bands corresponding to protein complexes have been identified and assigned by comparison with literature data (Pietrzykowska et al., 2014; Suorsa et al., 2015) . The supercomplex models on the far right of Figure 7 illustrate the PSII composition of each band as explained in the following. The topmost band is not a single band but a closely spaced band doublet, one of which comprises a supercomplex formed between photosystem I (PSI) and NADH dehydrogenase as required for a cyclic pathway of electrons around PSI (Yamori and Shikanai, 2016) . The other band in the band doublet is likely to be a PSII megacomplex made up of dimers of C2S2M2 supercomplexes . Four discrete bands, labeled as SC1 to SC4 (SC for supercomplex of PSII), follow the megacomplex band. They correspond to C2S2M2, C2S2M, C2S2, and C2S (Pietrzykowska et al., 2014; Suorsa et al., 2015) . The band immediately below this quartet consists of co-migrating PSII core dimers (C2), monomeric PSI, and ATPase. The large and conspicuous band below, labelled as C1/cyt b 6 f, corresponds to PSII core monomer (C1) and the dimeric cytochrome b 6 f complex (cyt b 6 f). A multimeric LHCII band, comprising trimeric and monomeric antenna, and a CP43-free core band immediately follow the C1/cyt b 6 f band. The large green band further down on the gel is the trimeric LHCII. These assignments are supported by immunoblotting of destained blue native gels ( Figures S4-S6 ) and spectroscopic analyses of electroeluted protein complexes from excised blue native bands ( Figures S7, S8) .
A comparison of BN-PAGE of grana core, grana margin and stroma lamellae samples in Figure 7 (a) reveals the unique composition of the protein complexes. It should be noted that the bands migrate slightly differently in different thylakoid compartments most likely due to their distinct Figure 5 . Abundance of CURT1A in GC, GM, and SL and loss analysis. (a) Equal volume fractions of GC, GM, and SL were applied to the gel followed by WB analysis with a CURT1A antibody (see Figure S1 ). The WB intensities for the three fractions were normalized to the total intensity of all three fractions. (b) Loss analysis of CURT1A protein. Data are derived from the WB analysis as described in (a) but including unfractionated and supernatant fractions (see Figure 1) to determine CURT1A losses. lipid content (see above). However, this does not affect the correct assignment of bands. To gain specific information on PSII abundance from blue native gel bands, further downstream analytical techniques are necessary as each green band can be a mixture of PSII and other photosynthetic protein complexes. For example, the megacomplex is a mixture of PSI, NADH dehydrogenase, and PSII. A straightforward way for quantification of PSII supercomplex abundances from BN-PAGE gels is WB analysis with a highly specific D1 antibody. A direct D1 immunoblot of the BN-PAGE gel in Figure 7 (a) is presented in Figure 7(b) . For D1 direct immunoblotting, the BN-PAGE gel was subjected to denaturation and destaining steps before blotting to ensure sufficient D1 antigen exposure and removal of the protein-bound Coomassie dye that may interfere with D1 immunodetection. The polyvinylidene difluoride (PVDF) membrane, after blotting, was likewise treated with denaturing and destaining agents. For Figure 7(b) it is obvious that direct D1 immunoblotting does not give reliable information on the true PSII supercomplex abundance in thylakoid membranes and thylakoid subfractions. For example, it is not expected that intact thylakoid membranes contain mainly C1 and CP43-free PSII cores. Some (in particular, larger-sized supercomplexes) are even undetected in direct immunoblots. The poor D1 detection by direct WB of BN-PAGE gels is likely to be caused by an insufficient exposure of the D1 epitope from intact supercomplexes. This is consistent with the smaller PSII species immunoreacting more strongly than the larger complexes ( Figure 7b ). Also, residual Coomassie dye can interfere with the chemiluminescence-based detection of D1. To circumvent these problems, a D1 dot immunoblot technique has been developed here. In the dot immunoblot, blue native gel bands corresponding to protein complexes have been excised, protein complexes quantitatively electroeluted and denatured, and small (defined) quantities of the denatured proteins were spotted onto a PVDF membrane. The membrane is then probed with the same D1 antibody as in direct immunoblotting (Figure 7c ). The megacomplexes and supercomplexes are now well detected along with dimeric, monomeric, and CP43-free cores. There does not seem to be any bias towards detection of smaller PSII subspecies, as observed in the direct immunoblotting of the blue native gel. Thus, the D1 dot immunoblot of excised BN-PAGE gel bands offers a potential avenue for quantification of different PSII species in thylakoid membranes and its subcompartments. In our initial analysis of the blue native gel, we included four additional bands. A D1 dot blot, however, showed that these additional bands contain very little or no D1 ( Figure S9 ). These bands have therefore been omitted from our analysis of PSII distribution as reported here. In order to validate the D1 dot blotting technique, we performed a dot blot of D1 dilution series to see whether the dot intensities used for the calculation of PSII complex abundance are within the linear range of detection and whether the dot size impacts the D1 signal intensity ( Figure S10 ). These control measurements indicate that the dot blot analysis can be used as a reliable quantitative tool for determining D1 abundance in BN-PAGE gel bands. 
Quantification of the different PSII species
For quantification of PSII in excised BN-PAGE gel bands, the D1 dot blot intensities must be estimated. Figure S11 shows a representative blue native gel lane for the intact thylakoid membrane and its corresponding D1 dot blot. For determination of individual dot intensities, which is a measure of the D1 abundance, an intensity profile was created for the entire dot blot strip. The intensity profile of each dot in the strip (proportional to D1 abundance) is given on the right in Figure S11 . The percentage of each dot intensity was calculated as intensity of an individual dot divided by the total intensity of all dots. These percentages give the relative abundance of each PSII subspecies (quantified by its marker subunit D1) in the blue native gel lane. The PSII supercomplex abundance derived from this BN-PAGE-dot blot analysis is summarized in Figure 8 (a) for intact thylakoid membranes and its subfractions and illustrated in Figure 8 (b). The most abundant PSII complex in the grana core (>60%) is the C2S2M2 (megacomplex and SC1), as expected from the literature (Danielsson et al., 2006; Kou ril et al., 2013) . The SC2 and SC3 are also highly abundant, though not as much as the SC1. The grana core is clearly depleted in the smallest PSII supercomplex SC4 (<1%). Some dimeric cores (C2) also occur in the grana core, while the disassembled PSII monomeric cores (C1) and CP43-free cores together account for only about 6%. The PSII composition in the grana margin is very different from the grana core (Figure 8 ). Grana margins are highly depleted in PSII megacomplexes (less than 2%) and contain only 3% core dimers. PSII in this subcompartment is organized almost exclusively as monomers with a high proportion of the PSII turnover-intermediate CP43-free core (25%). The stroma lamellae, interestingly, show a relatively high abundance of supercomplexes (~30%). The rest of the PSII in stroma lamellae occur as the core monomer (C1) and CP43-free monomer. From these data, it follows that the fraction of PSII monomers is~6% in the grana core, >90% in grana margins, and~60% in stroma lamellae.
Functionality of PSII in thylakoid subdomains
Measuring the induction kinetics of Chl fluorescence from the
is a powerful tool for studying the functionality of PSII and its associated LHC system (e.g. Krause and Weis, 1991) . By poisoning the samples with the herbicide dichloromethyl urea (DCMU), which blocks electron transfer beyond the primary quinone acceptor Q A in PSII, specific information about PSII heterogeneity, apparent antenna size (number of Chls per reaction center), and the probability of excitation energy transfer between PSII centers (connectivity) can be gained from the Chl fluorescence induction kinetics (Melis et al., 1988; Bernhard and Trissl, 1999) . Originally, two types of PSII with different antenna sizes called PSII a-centers (larger antenna, with connectivity) and PSII b-centers (2-3 times smaller antenna size relative to PSII a-centers, without connectivity) were detected (e.g. Melis et al., 1988) . It was assumed that the PSIIa/PSIIb heterogeneity corresponds to the lateral distribution of PSII to stacked (PSIIa) and unstacked (PSIIb) thylakoid domains. But it turned out that this relationship between PSII sublocalization and PSIIa/PSIIb heterogeneity must be modified as PSIIb also
Grana core exists in stacked thylakoid domains (e.g. Bassi et al., 1995; Kirchhoff et al., 2004) . Later, a third PSII type with a very small antenna size (PSII c-centers, without connectivity) was extracted from Chl fluorescence induction kinetics (Hsu and Lee, 1991) . Examples for Chl fluorescence induction curves recorded for intact thylakoid membranes and the three subfractions are presented in Figure 9 (a). The curves are normalized to the maximum F v level of intact thylakoids. The area growth above the F v curves given in Figure 9 (b) represents the kinetics of Q A reduction (e.g. Melis et al., 1988) . The faster the Q A reduction kinetics the larger the PSII antenna size as these measurements are done under light-limiting conditions, i.e. the speed of Q A reduction depend on the rate of light harvesting. The measurements for GM and SL were done in the presence of the PSII electron donor diphenylcarbazide (DPC), as the water splitting activities were reduced in these fractions, i.e. the PSII activity is lower in the absence of DPC (no DPC-dependent stimulations were observed for thylakoids and GC). A quantitative analysis of these data is shown in Figure 9 (c). The F v /F m parameter (normalized to intact thylakoids) indicates the maximal efficiency for photochemical energy conversion. The F v /F m for thylakoids is 0.84, indicating highly active PSII. Compared with thylakoids, the F v /F m for GC is slightly higher. In contrast, F v /F m values for GM and SL are much smaller. A likely explanation for this decrease in F v /F m is that GM and SL are enriched with PSI and depleted in PSII (Figure 4) . As PSI contributes only to F o and not to F v , the F v /F m ratio drops in membranes with higher PSI/PSII ratios (as in GM and SL). As the PSI fluorescence yield at room temperature is low, other parameters may also contribute to the lower F v /F m in GC and SL. Among them, non-functional PSII centers (e.g. with a damaged D1 subunit) and detached LHCII are likely to be relevant. An interesting difference between GM and SL is that the latter shows a faster rise in area growth (Figure 9b ), expressed by a higher inverse total area (Figure 9c, bottom) . This inverse total area is a measure of the apparent antenna size of PSII. Relative to intact thylakoids the inverse total area of GM is only~1/3 but that of SL~3/4. For GC, this number is slightly (7%) higher. The high area in SL and the low area in GM indicate that GM contains PSII complexes with a very small antenna size (depletion of connected LHCII), while SL harbors PSII with a larger antenna. This is further confirmed by the semilogarithmic area growth analysis given in Figure 9 The interception with the y-axis gives the logarithmic fraction of the center type (e.g. de-logarithmic values give the fraction of this type). The slopes of the curves are a measure of the apparent antenna size for each type of center. Far right, comparison of extracted and re-normalized fast area growth phases (no fast phase was apparent for GM). Thylakoids and GC show complex composed kinetics, while the SL can be described by only one a-PSII type kinetics.
A linear behavior of the area growth in semi-logarithmic plots reveals PSII centers without energetic connectivity (PSII centers cannot exchange excitation energy) as realized for c-and b-centers. In contrast, PSII a-centers are functionally connected, leading to nonlinear curves in semi-logarithmic plots (e.g. Melis et al., 1988) . The functional difference between GM and SL samples observed in Figure 9 (b, c) is also apparent in the semi-logarithmic analysis (Figure 9d ). PSII in GM membranes contain only PSII c-type centers, whereas PSII in SL contain both PSII c and PSII a-centers. This result is in agreement with the biochemical analysis of PSII species distribution (Figure 8) , that GM contains only C and CP43-free core complexes (corresponding to PSII c-centers), while SL additionally contain C2S2M2 supercomplexes (corresponding the PSII a-centers). From the semi-logarithmic analysis (de-logarithmic interception with y-axis in Figure 9d , far right panel), the fraction of PSII a-centers in SL can be derived, which is 25 AE 5%, in line with the fraction of C2S2M2 supercomplexes in SL (34 AE 8%), as derived from our biochemical analysis ( Figure 8a ). Thus, both biochemical and spectroscopic analyses indicate that stroma lamellae contain a significant amount of PSII supercomplexes, in contrast with the grana margins. After subtraction of the PSII c-center phases, the area growth kinetics (consisting of PSII a and b) in thylakoids and GC are very similar (see comparison Figure 9d , far right). The high congruence between intact thylakoids and GC is expected because 86% of total PSII are located in GC (calculated from Figure 4a and the Chl yield in Figure 3a) , i.e. the Chl fluorescence kinetics of thylakoids are dominated by GC. In contrast with the mixed kinetics of GC and thylakoids, the fast area growth phase for SL represents a single PSII a-type phase (Figure 9d, far right) . This correlates with the observation from biochemical studies (Figure 8 ) that stroma lamellae contain (besides PSII monomers) only the fully assembled C2S2M2 holocomplex, while thylakoids and GC contain a mixture of different supercomplexes that could lead to the more complex Chl fluorescence kinetics (Figure 9d, far right) .
DISCUSSION
Although recent advances in EM revealed amazing new insights into the ultrastructure of thylakoids including visualization of individual PSII and ATPase proteins, studying the exact and complete composition of different membrane regions requires complementary biochemical analyses and methods of thylakoid fragmentation. The digitonin-based thylakoid membrane fractionation employed here recovers over 90% of the original membranes as GC, GM, and SL (Figure 1) , allowing quantitative conclusions about lateral heterogeneities of protein distribution in thylakoid membranes (summarized in Figure 10 ). The mild-solubilization procedure is supported by the lack of lesions in the grana core ( Figure 2 ) and the functional intactness of PSII (Figure 9 ). In contrast with other detergents, digitonin does not solubilize lipid bilayers even at high concentrations because it incorporates only into the outer leaflet of the bilayer in a process called 'staying out' (Fan and Heerklotz, 2017) . This is because the hydrophobic sterol part of digitonin is too short to penetrate the entire hydrophobic span and membrane flip-flops of the detergent do not occur (Fan and Heerklotz, 2017) . The eventual solubilization (fractionation) of membranes is achieved by a micellar mechanism in which lipids from the outer leaflet are transferred to digitonin micelles leading to lipid reorganization in the biomembrane (Fan and Grana core (67%) Stroma lamellae (16%) Grana Margin (17%) Heerklotz, 2017). This mechanism can explain the very mild impact on thylakoid membranes, i.e. digitonin does not solubilize thylakoid membranes but just produces 'cracks' in the outer leaflet that cause breaking by lipid reorganization and sealing of 'open' membrane ends by digitonin. This leaves the membrane structure intact as seen in particular for GC and SL showing full membrane sheaths (Figure 2 ). Finally, due to the bulky size of digitonin (~1.5 9 3.0 nm), its action is restricted mainly to unstacked thylakoid domains.
The elusive grana margins
TEM analysis of the GM fraction together with its lipid and protein composition and the fact that it is recovered as a loose pellet (i.e. is not completely solubilized), all indicate that GM is a true membrane fraction. The combined electron microscopic, biochemical, and spectroscopic analyses of the thylakoid subfractions reveal that GM is a structurally, compositionally, and functionally distinct domain as proposed earlier (Anderson, 1989; Albertsson, 2001) . Compared with GC and SL, it is enriched with lipids and non-Chl-binding proteins (e.g. ATPase, cyt b 6 f complexes, CURT1 proteins). Additionally, GM contains only monomeric PSII and CP43-free cores and consists of smaller membrane bilayer fragments in contrast to the flat sheetlike GC and SL membranes. Based on the ultrastructure of the original thylakoid membranes ( Figure 6 ) and on the shape of isolated GM membranes (Figure 2 ), we postulate that the chemical fragmentation of thylakoids by digitonin leads to grana margin fractions that are a mixture of the three types of membrane fragments as summarized in Figure 6: fret-like protrusions, curved membranes, and short planar membranes (partially protected from digitonin attack by neighboring membranes in the grana periphery). As pointed out earlier, the inclusion of the fret-like areas makes a significant impact on the relative contribution of the margin fraction to the total membrane area (Anderson, 1989) , which may explain the discrepancy between EMbased GM quantification that considers only the curved regions at the grana periphery (5-7%) and the 17% found in this study (based on total protein and lipid). The different lipid/Chl and protein/Chl ratios of GM compared with the other two membrane domains emphasize that relative membrane quantifications based on Chl should be viewed with caution. This is highlighted by the GM yield analysis showing that 9% of total Chl is localized in the GM, but that this number is almost doubled (17%) if expressed relative to total protein and lipid (the latter is proportional to membrane area). Also, the protein complex concentrations give significantly different numbers if expressed to total protein and lipid instead of Chl (compare Figure 4 top and bottom panels, Figure 10 ). Compositionally, the grana margin share some common features with the SL fraction (similar ATPase, cyt b 6 f complex, and LHCII 3 concentrations, Figure 4 , bottom panel). Besides differences in the subtypes of PSII contained (see section below), clear differences are also apparent for PSI in GM and SL. The PSI density is about 2.5-times higher in SL compared with GM (Figure 4g) . Overall, it appears that grana margins are not heavily involved in light harvesting and primary photochemistry as catalyzed by the photosystems (depleted in LHCII, PSI, and PSII) but more in cyt b 6 f-dependent electron transport, ATP production, and PSII degradation (see below).
Consequences of lateral protein heterogeneity for photosynthetic light-harvesting and electron transport
Ever since the discovery of lateral heterogeneity in photosystem distribution, its implication for photosynthetic energy conversion has been discussed (e.g. Anderson and Boardman, 1966) . One central aspect arising from the separation of both photosystems (i.e. that they do not share a common light-harvesting antenna) is the distribution of Chls between PSII and PSI. In particular, under light-limiting conditions (that typically includes growth light intensities), similar Chl/PS ratios for PSII and PSI are important to ensure balanced excitation rates that are crucial for efficient energy conversion (Allen, 2003) . The quantifications of Chls and photosystems in different thylakoid domains allow estimation of Chl distribution between PSII and PSI. Grana core harbors 73% of total Chl (Figure 3a) and have a high PSII/PSI ratio of~8 (Figure 4) . Furthermore, part of Chls in unstacked membrane regions (GM + SL) must be bound to PSII (Figures 4 and 10) . These results indicate that PSII binds significantly more Chls than PSI (a more quantitative view is difficult as the number of Chl bound to individual PSs must be known for this). Our data reveal that reorganization of Chl-binding LHCII from PSII to PSI by state transition (Allen, 2003) is required in illuminated plants to balance the excitation energy distribution between both photosystems (the data collected in this study are for dark-adapted samples). Indeed, LHCII phosphorylation increases significantly from dark over the course of the day (Fristedt et al., 2010) . LHCII phosphorylation triggers its redistribution from PSII to PSI (Allen, 2003) . Another direct consequence of the separation of PSII and PSI is the need for long-range diffusion-dependent electron transport to maintain linear electron transport from water (PSII) to ferredoxin/ NADP + (PSI). The candidates to fulfill this role are the small electron carriers plastoquinone (PQ) and plastocyanin (PC) (Haehnel, 1984; Whitmarsh, 1986) . For both electron carriers, severe restriction in long-rang diffusion was reported for dark-adapted plants that is caused by very high protein packing densities (macromolecular crowding) within the hydrophobic part of the membrane (PQ) as well as in the thylakoid lumen (PC) in stacked grana (Lavergne et al., 1992; Kirchhoff et al., 2000 Kirchhoff et al., , 2011 . It is still an unsolved problem how PSII in GC connects electronically to PSI in GM/SL by PQ and/or PC diffusion. The protein complex quantifications (Figure 4 ) reveal a low concentration of cyt b 6 f complexes in GC and an accumulation in unstacked thylakoid domains. As recently reviewed, the sublocalization of cyt b 6 f complexes in thylakoid membranes is controversial and could be controlled by slight changes in grana stacking (Kirchhoff et al., 2017) . However, the significant fraction of cyt b 6 f complexes localized in unstacked regions (GM and SL), as found in this study, implies that long-range diffusion of PQ is required to connect these cyt b 6 f complexes to PSII in GC. An interesting aspect for PQ diffusion is the much lower protein density in GM (doubled lipid/protein ratio, Figure 3e ). Thus, it is likely that reduced PQ coming from GC will experience easier diffusion in GM due to GM's lower protein density. A lower protein density would also be beneficial for efficient encounters between PQ and cyt b 6 f complexes in GM by random walk diffusion. How PQ efficiently diffuses out of GC to reach GM-localized cyt b 6 f complexes in the light is still an open question. One possibility is that light-induced protein rearrangements, for example to semicrystalline states, facilitate PQ diffusion (Tietz et al., 2015) . Light-triggered macroscopic protein reorganizations in stacked grana have been reported (Betterle et al., 2009; Johnson et al., 2011) in support of this scenario. An alternative possibility is that the overall granal ultrastructural changes allow better access of cyt b 6 f complexes to stacked grana, i.e. PSII and cyt b 6 f complexes come in closer contact. However, these hypotheses await further experimental validation.
Implications of lateral heterogeneity of PSII subspecies for its lifecycle
Due to the high vulnerability of PSII to photooxidative damage, it is in a continuous process of disassembly and reassembly in order to fix the damage by the PSII repair cycle. The brisk reorganization of C2S2M2 PSII holocomplex is highlighted by the observation that the central D1 subunit has one of the highest turnover rates in nature (Aro et al., 1993b; He and Chow, 2003) . By revealing distinct populations of PSII complexes in the three thylakoid subcompartments, our experimental approach provides insights into the operational and organizational principles of the PSII repair cycle. To account for the observed distribution (Figure 8) , three zones of PSII could be defined in the thylakoid membrane. The grana core comprises the working zone of PSII with fully assembled large mega and supercomplexes (mainly C2S2M2, Figure 7 ), organized for efficient light harvesting and photochemical energy conversion. This is in line with the high functionality of PSII in GC revealed by the Chl fluorescence induction analysis (Figure 9 ). In contrast, the grana margin forms the PSII disassembly and degradation zone with a very high fraction of monomeric cores and CP43-free complexes corresponding to the functional PSII c-type. This is consistent with the enrichment of the D1-degrading FtsH protease in grana margins (Yoshioka and Yamamoto, 2011; Puthiyaveetil et al., 2014) . Furthermore, the enrichment of CP43-free monomeric cores (Figure 8 ) emphasizes the role of grana margins as the D1 degradation zone as proteolytic digestion of damaged D1 requires optimal accessibility to D1 as realized by the CP43-free core (Krynick a et al., 2015) . The observation that highly disassembled PSII is almost completely absent in the grana core (Figure 8) indicates that the disassembly of the C2S2M2 holocomplex probably takes place in the margins. The alternative is that disassembly of C2S2M2 occurs in the grana core but the affinity of monomeric PSII to stacked thylakoids is so low that it swiftly moves away from this region. It should be emphasized that the grana margins make up only 17% of the total thylakoid membrane (on total protein and lipid basis). Thus, PSII disassembly and degradation are confined to a small fraction of the thylakoid membrane system, leaving a major portion of the thylakoid membrane space for functional PSII and photochemistry (grana core) and a minor section for protein repair (stroma lamellae). A third distinct PSII thylakoid domain is the stroma lamellae that have an intriguing PSII complex composition (Figure 8 ). Besides containing monomeric PSII that is expected for unstacked thylakoid domains it harbors some C2S2M2 supercomplexes. The Chl fluorescence analysis shows that these supercomplexes are fully functional with respect to light harvesting ( Figure 9 ). This mixed PSII organization in stroma lamella, in contrast with that of margins, points to a PSII constructive mode in which smaller complexes assemble into C2S2M2, once the damaged D1 has been replaced with a new copy. It follows that the stroma lamellae can be considered as the repair and reassembly zone that is in accordance with attachment of ribosomes to stroma lamellae (Yamamoto et al., 1981; Kirchhoff, 2014) , required for co-translational insertion of nascent D1 into the membrane. This raises the question of how repaired and reassembled PSII holocomplexes are protected against disassembly and degradation on their journey from the stroma lamellae to the grana core through the protease-containing grana margins. It is possible that the dephosphorylation of PSII subunits could mark reassembled holocomplexes as healthy and protect them against degradation. A mutually inclusive possibility is that the protease recognizes and degrades only the unfolded D1 protein within a fully disassembled PSII (Krynick a et al., 2015) .
Regardless of the precise protective mechanism, the small fraction of grana margin membranes could further be advantageous since the dwell time of active PSII in this degradation zone is likely to be short. Overall, the analysis of PSII subtypes in the three different thylakoid membrane domains supports the idea of a compartmentalization of PSII repair reactions and components (Mattoo and Edelman, 1987; Yoshioka and Yamamoto, 2011; Puthiyaveetil et al., 2014) . This spatial compartmentalization of enzymes ensures a high efficiency in PSII repair cycle by establishing a specific sequence of reactions that eliminates futile back reactions and indiscriminate degradation of functional PSII.
EXPERIMENTAL PROCEDURES Preparation of the thylakoid membrane and its subcompartments
The thylakoid membrane was isolated from 6-8-week-old Arabidopsis thaliana ecotype Col., grown on soil at 23°C under a photon flux density of 120 lE m À2 sec À1 with 8-h light and 16-h dark photoperiod. The digitonin-based fractionation of thylakoids was essentially conducted as described in Fristedt et al. (2009) , with slight modifications. A detailed thylakoid isolation and fractionation procedures are given in Supporting Information.
Blue native polyacrylamide gel electrophoresis
Our BN-PAGE protocol was broadly based on Wunder et al. (2013) . A complete protocol is furnished in Data S1.
Electro-elution of protein complexes
The protein complexes from excised blue native bands were eluted with a Model 422 Electro-Eluter from Bio-Rad (Hercules, CA, USA). The elution was performed in the cold room and essentially as per the manufacturer's instructions.
Immunoblotting
The direct immunoblotting of blue native gels and the dot immunoblot of electroeluted protein complexes were done essentially by standard Western blotting procedures with slight modifications to accommodate the use of blue native gels and the direct blotting of proteins onto a PVDF membrane. The protein-blotted membranes were probed with specific antibodies and the immunoreactive bands were detected by fluorography using an ECL TM detection kit (GE Healthcare, Waukesha, WI, USA). The band intensities were quantified by densitometric analysis using Image-Pro Plus software. For complete details, see Supporting Information.
Semi-quantitative SDS-PAGE analysis
The concentrations of LHCII and ATPase proteins were determined by densitometric analysis of protein bands of LHCII and ATPase subunits on Coomassie stained SDS-PAGE gels. For quantification of the proteins, the staining intensity of samples were compared with the staining intensity of isolated protein standards ran on the same gel. This method is explained in detail in Kirchhoff et al. (2002) . An example for LHCII quantification is give in Figure S2 .
Total protein and lipid analysis
Total protein was measured by colorimetry using a Pierce bicinchoninic (BCA) assay kit as per the manufacturer's instructions. A standard curve was generated with a known protein concentration and the color change of the standards and samples was monitored at 562 nm in a microwell format using a plate reader. Total lipids of each sample were isolated by centrifugation at room temperature (RT) in chloroform, methanol, and 1 M KCl mix (2:1:2, based on volume) at 580 g for 5 min. Lipids were collected from the lower organic phase. The Chl concentration was determined spectroscopically as described in Porra et al. (1989) . Next, 100 ll of lipid extract was placed in a bore glass vial. Lipids were converted to fatty acid methyl ester (FAME) by addition of 2.5% H 2 SO 4 in methanol and the glass vials were sealed with Teflon screw caps and incubated for 1-1.5 h at 80°C in a water bath. Triacylglycerol (C15:0) was added and used as the internal fatty acid standard. After cooling down, hexane extraction was performed using 200 ll hexanes and 1.5 ml ddH 2 O followed by centrifugation at 580 g for 2 min. The very small upper organic phase was used for the GC analysis. Fatty acids were quantified with an Agilent 6890 GC system connected to an Agilent 7683 injector (with helium as the carrier gas).
Spectroscopic analysis
The chlorophyll concentration of thylakoids and its fractions was determined according to the Porra method (Porra et al., 1989) . The PSII content was measured by difference absorption spectroscopy of cytochrome b 559 as in (Kirchhoff et al., 2002) . The absorption spectra (k = 260-800 nm) of gel-eluted protein complexes were recorded with a Hitachi U-3900 spectrophotometer. The spectrum of a diluted solution of the Coomassie dye served as a control to delineate spectral regions of chlorophylls and carotenoids. The 77 K spectra of gel-eluted protein complexes were obtained with a Horiba Jobin Yvon FluoroMax 4 spectrofluorometer (k ex = 475 nm; k em = 640-800 nm; bandwidth = 5 nm).
Electron microscopy
Isolated thylakoid membrane fractions (GC, GM, and SL) were diluted in storage buffer (100 mM sorbitol, 10 mM MgCl 2 , 15 mM NaCl, 50 mM HEPES, pH 7.5) to a Chl concentration of 10 lg ml À1 before being loaded onto grids for staining. For staining, 5 ll diluted sample were loaded on 200-mesh formvar/ carbon coated nickel grid (EMS, Hatfield, PA, USA) for 1 min followed by staining with 5 ll 2% uranyl acetate for one minute. The staining droplet was removed using filter paper followed by rinsing using 5 ll deionized water. After removing the rinsing droplet, the grid was then dried under a heat lamp and desiccator before imaging.
High-pressure freezing
Wild type Arabidopsis thaliana ecotype Col. protoplasts were isolated as described in Herbstov a et al. (2012) . Dark-adapted protoplasts were cryoprotected with 20% BSA in protoplast buffer (0.5 M mannitol, 20 mM MES, 10 mM CaCl 2 , 10 mM KCl, pH 7.2) just prior to cryo-immobilization. The protoplasts were loaded into the 200 lm deep well of a Cu-Au type A carrier and high pressure frozen (HPF) in a Leica EM HPM100 (Leica Microsystems, Vienna, Austria).
Freeze substitution and resin infiltration
The HPF protoplasts were transferred to 1% glutaraldehyde, 0.5% OsO 4 , 2% zinc iodide and 5% H 2 O in acetone and freeze substituted using a Leica EM AFS2 (Leica Microsystems, Vienna, Austria) with the following program: À85°C to À50°C for 60 h, À50°C to À20°C for 7.5 h, the samples were rinsed with À20°C acetone and brought to 16°C over 7 h. The samples were infiltrated in 24 h increments of Epon-Araldite and acetone as follows: 25% resin, 33% resin, 50% resin, 66% resin, 75% resin, 100% resin 39. Then, 1% DMP30 was added to the resin prior to embedding and then cured at 70°C for 12 h.
Ultramicrometry and TEM
Sectioning, staining and imaging were done as described in Froelich et al. (2011) . 
Organization of thylakoid membranes 425
Chlorophyll a fluorescence induction Induction curves were measured with a home-built fluorometer, as described in detail by Kirchhoff et al. (2004) . Fresh, isolated thylakoid membranes, GC, GM, or SL membranes at a Chl concentration of 5 lg ml À1 were incubated for more than 10 min in the complete dark before 20 lM dichloromethyurea (DCMU) was added and incubated for another 1-2 min. Chl fluorescence was induced with green (520 nm) light (intensity:~250 lmol quanta m À2 sec
À1
). Fluorescence induction curves were analyzed with SigmaPlot 11 software. For GM and SL samples, 1 mM 1,5-diphenylcarbazid (DPC) were added as the electron donor for PSII (Tang and Satoh, 1985) . For exact F 0 determination, each sample was measured again in the presence of 1 mM sodium hexacyanoferrate that quantitatively oxidizes Q A .
Calculation of membrane weight distribution
The total weight of membranes (membrane proteins + lipids) was taken as a proxy for membrane area. The total protein (P) weight of GC, GM, and SL, respectively, can be calculated from the protein/Chl (w/w) ratio [g(P)/g(Chl)] of each fraction and its Chl yield ( Figure 3 ):
The same can be done for total lipids (L) for each fraction:
The relative weight distribution (g rel ) between the three thylakoid domains for total protein plus lipids (P + L) is then given for: 
Statistical treatment
All data represent the mean with standard deviation of at least three biological replicates. Figure S1 . Loss analysis. For both the Coomassie stained SDS-PAGE gel on PVDF membrane (left) and western blots (right) the same volume fraction for each fraction was applied. This allows direct comparison of the protein abundance in each fraction. The relative protein abundance for a given fraction is estimated from the densitometry stain intensity of the selected bands for this fraction over the sum of all fractions. The losses given in Figure 1 are the sum of NF and Sup fractions. The Coomassie gel is inverted for better visualization of bands. Thy: thylakoid, GC: grana core, GM: grana margin, SL: stroma lamallae, NF: non-fractionated pellet, Sup: supernatant. Figure S2 . Example for LHCII quantification from a Coomassiestained SDS-PAGE gel. The left four lanes were loaded with different amounts of isolated LHCII proteins (given in mg Chl). The amount of LHCII in the samples (here GC membranes are shown, four lanes to the right) is determined by comparing the staining intensity of the unknown band with the intensity of isolated LHCII. The reliability of this approach is given by the fact that a stoichiometry of about four LHCII trimers per PSII-reaction center was measured for GC with this method that is in good agreement with published values. Figure S3 . The effect of two different detergents a-and b-DM at different concentration on the solubility and integrity of PS II supercomplexes as revealed by a blue native gel. The a-DM at a concentration of 0.9% (w/v) was found to be better at solubilizing the complexes, while retaining most of the PS II supercomplexes. Figure S4 . A blue native gel of the thylakoid membrane and its subdomains (left) and the corresponding Rieske direct immunoblot of the gel (right). The Rieske antibody (AS08330; Agrisera) detects only a single band in the gel, consistent with one cytochrome b 6 f complex, co-migrating with the monomeric PS II core, as expected from the literature. Compared with other thylakoid subfractions, the grana margin shows an enrichment of the b 6 f complex. Figure S5 . A blue native gel of the thylakoid membrane and its subdomains (left) and the corresponding PSI-B core subunit of photosystem I (PsaB) direct immunoblot of the gel (right). The PsaB antibody (AS10695; Agrisera) detects multiple bands in the gel, with the major band corresponding to co-migrating PS I, PS II dimeric cores, and ATPase complexes. The PsaB antibody also detects megacomplexes, confirming their identity as PS I supercomplexes. Additional PS I bands, thus far unreported, are detected below the major PS I/C2/ATPase band and inbetween it and the PS I megacomplexes. The precise composition of PS I in these bands is unclear. The grana margin contains the highest abundance of PS I and the grana core, the lowest. Figure S6 . A blue native gel of the thylakoid membrane and its subdomains (left) and the corresponding ATPase subunit I (AtpF) direct immunoblot of the gel (right). The antibody against the AtpF subunit of the ATPase complex (AS101604; Agrisera) detects multiple bands in the gel, with the major one being a hitherto unknown band migrating below the well-known PS I, PS II dimeric core, and ATPase composite band. The margin compartment shows high reactivity towards the AtpF antibody, consistent with an enrichment of the ATPase complex in margins. The fainter ATPase bands in other thylakoid subcompartments may be the result of a combination of lower amount of ATPases, poor sensitivity of the antibody and the deceased accessibility of antigenic sites in blue native gels. Figure S7 . Blue native gel-eluted protein complexes show characteristic pigment composition. (a) Absorption spectra (350-800 nm) of gel-eluted protein complexes. All spectra are normalized to 436 nm. The absorption spectrum of the Coomassie dye solution is also shown for comparison, as some of the gel-eluted protein complexes still retain the dye. Coomassie dye absorbs at a wavelength region of 500-690 nm. (b) The ratio of absorption at 470 and 436 nanometer is shown for different gel-eluted protein complexes. This is a proxy for the ratio of Chl b to Chl a in each complex. The LHCII trimer and multimer have the highest ratio, as expected from its enrichment of Chl b. The SC4 supercomplex, CP43-free and dimeric cores (C2) have the lowest ratios because of their depletion in Chl b-enriched LHCII timers. The decrease in the LHCII content of PSII supercomplexes SC1 to SC4 is well reflected as a decrease in their 470/436 ratios. PSII megacomplexes, due to co-migrating PS I, show a lower ratio than PSII supercomplexes. The monomeric cores, unexpectedly, show a higher ratio than dimeric and CP43-free cores. It is possible that while the monomeric core band is excised from the blue native gel, the closely-spaced multimeric LHC II band carries-over and alters the ratio. Figure S8 . 77 K fluorescence emission spectra (655-770 nm) of selected blue native gel-eluted protein complexes. The emission peak at 680 nm is from free LHCII; 685 nm, CP43; 695 nm, CP47; 700 nm, aggregated LHCII; 720 nm, PS I core; 735 nm, LHCI antenna of PSI. The megacomplexes and PSII dimeric cores also show spectral signatures at 720 and 735, consistent with comigrating PSI complexes. Some PSII supercomplexes (SC3 and SC4) also show PSI signals, suggestive of co-migrating PSI. Trimeric and multimeric LHCII show characteristic signatures of free and aggregated complexes, as expected. We did not include the CP43-free core sample since it lacked a discernable emission spectrum, likely to be the result of being too dilute. Figure S9 . A blue native gel of the thylakoid membrane and its subdomains (left) and a D1 dot immunoblot of selected gel-eluted protein complexes (right). The gel bands chosen for D1 immunoblotting are indicated by arrows and their identities are given on the right. Bands within the red rectangular boxes contain little DI or no D1. They have therefore been omitted from our analysis of PS II distribution. The identity of bands within the top two boxes is not clear but PsaB and AtpF immunoblots (Figures S4 and S5) suggest they comprise PS I and ATPase complexes. The LHC II multimer band in the thylakoid fraction (the band within the third box from top) seem to contain some D1. This is most likely to be due to contamination from the adjacent PS II bands. Note that during electrophoresis grana margin bands have been shifted up in the gel relative to the other three fractions. Figure S10 . Dot immunoblotting as a quantitative method for analyzing PSII abundance. (A) The D1 dot immunoblot dilution series of the margin C1/cyt b 6 f sample. (b) The linear correlation between the D1 dot immunoblot intensity and the serial dilution of the D1 antigen. (c) Dot size control. Each larger dot in the first column contains 2 ll of one-fold diluted C1/cyt b 6 f sample and each smaller dot in the second column contains 1 ll of undiluted C1/cyt b 6 f sample. 'R1', 'R2', and 'R3' are three replicates. The intensity of the 2 ll dot has been normalized to 1. Figure S11 . Quantification of the D1 abundance by the dot intensity profile method. A representative blue native gel strip, its D1 dot immunoblot and the intensity profile of the D1 dot immunoblot is shown. The percentages in parenthesis are the relative abundance of individual PS II subspecies.
